Given how important multiband filters are in the current era, little work seems to have come up with methods that can produce multiband filters of more than two passbands with flexibility in inner-band frequency selection, as well as specific bandwidths for each passband. In this paper, a novel method called the chained-response method is proposed. This method can produce multiband filters with the flexibility to specify accurately the bandwidths for each passband as well as its inner-band frequency selection. This paper describes the design procedure for this method. In order to validate the design procedure, a symmetrical dualpassband filter with bandwidths of 0.2 GHz for both passbands is designed. In order to show the novelty of this method, which is the flexibility of inner-band frequency selection and the specific bandwidths, an asymmetrical dual-passband filter with bandwidths of 0.2 GHz and 0.4 GHz is designed. Both the symmetrical and asymmetrical dual-passband filters are fabricated with a waveguide structure and the measurement results for both show good agreement with the theoretical ones. Finally, the mathematical modelling for a symmetric triple-passband filter and a symmetric quad-passband filter are briefly discussed to show how the proposed method can be expanded for designing filters with more than two passbands.
I. INTRODUCTION
In this modern era, whereby the process of wireless communication is evolving rapidly, the demand for multiband filters has increased rapidly [1] , [2] . This is because, as various wireless standards such as Bluetooth, mobile communication, the global positioning system (GPS) and Wireless Local Area Network (WLAN) emerge, a trend that seeks to combine all these applications into a single multi-standard system has arisen [3] . Multiband filters also greatly reduce overheads for wireless applications with their capability of multiple passband operations simultaneously [4] . In addition, the overall size can also be reduced with just one multiband filter instead of multiple filters working for different bands [5] .
Due to all these applications that require wireless communication, it is of the utmost importance to utilize the available spectrum wisely. Following the Industry 4.0 revolution, the Internet of Things (IoT) is going to gain popularity and The associate editor coordinating the review of this manuscript and approving it for publication was Donatella Darsena. become an inevitable trend for the industry. As a result, not only does the connection speed have to get faster, but also any wastage of the frequency spectrum has to be avoided. As such, there arises a need to have a multiband filter that has flexibility in frequency selection and is able to work with millimeter waves. The multiband filter needs to be able to select the desired passbands precisely for the intended applications.
Generally, the methods used to design dual-passband or multiband filters can be divided into two categories. The first includes the use of multimode resonators, while the second involves the use of dual-band filter synthesis [6] . Examples that utilize the first method are shown in [7] - [9] . Despite the advantage of reducing the size of filters [10] , the multimode resonator needs a longer tuning time due to its complexity and requires numerical optimization [11] . On the other hand, the second method includes the cascading of a wideband bandpass filter with a narrowband stopband filter [12] , insertion of transmission zeros within the passband of a wideband bandpass filter [13] , frequency transformation [14] , [15] and filtering function synthesis based on optimization [16] , [17] . Cascading would normally cause an increase in the size of the multiband filters instead [18] , [19] , whereas the insertion of transmission zeros would increase the complexity of the design as the number of transmission zeros increases. A more detailed comparison with other similar work is shown in Section VII.
In this paper, a novel approach called the chained-response method is proposed. To the best of the authors' knowledge, this method has not been attempted before. It starts by modelling the bandwidth size and position of each passband. The characteristic function of the multiband filter is then derived before transforming it into the desired operating frequency. With the simplicity of deriving the transfer function of the multiband filter after modelling the values needed for each passband, it is expected that this method can be easily expanded into realizing filters with more than two passbands. The results in this paper show that the proposed method is able to realize not only multiband filters, but also multiband filters with flexible inner-band frequency selection as well as bandwidths. Waveguide technology is used for the synthesis and fabrication of the modelled multiband filter. As such, this method fulfils the need to have a flexible multiband filter that is able to utilize the available spectrum efficiently as well as to operate at high frequency.
II. DESIGN THEORY
Chained-response is a method proposed whereby the normalized response of a filter is chained in order to produce multiband filters. This method is explained as depicted from Figs. 1 to 4.
A third-order Chebyshev filter is used to portray how the chained-method is applied to produce a sixth-order dual-band filter. As depicted in Fig. 2 and Fig. 3 , the characteristic polynomial needs to be scaled and shifted by a certain factor before it can be chained to form a dual-band response.
The scaling factor, A, to be used is determined by the desired bandwidth, BW, that is required for each specific band, in the case of a dual-band filter response in Fig. 4 . Since the properties of a Chebyshev polynomial state that it only oscillates in the interval of negative 1 to positive 1 [10] , the equation for the scaling factor, A, in terms of the desired bandwidth, BW, in radians can be determined as shown:
From (1), it can be determined that the normalized insertion response, S21, derived from the response in Fig. 2 would then have a bandwidth of 0.2 rad/s since the scaling factor, A, being used is 10. Therefore, the bandwidth of each passband can be set by adjusting the value of A. Similarly, in order to ensure that the dual-passband filter obtained still obeys the property of a Chebyshev filter, which is that its polynomial, T N (1) , is equal to the magnitude VOLUME 7, 2019 of 1 [6] , the relationship between the scaling factor, A, and the shifting value, B, used in the chained-response method can be determined as shown:
From Fig. 1 to Fig. 4 , we can then derive the transfer function for the dual-passband filter created from the chainedresponse method. According to [10] , the classical transfer function, T N (ω), for a Chebyshev filter is as shown:
where T N (ω) is the transfer function while N is the number of the order with T 0 (ω) = 1 and T 1 (ω) = ω. After being scaled by a factor of A and shifted by a value of B as shown in Fig. 2 and Fig. 3 , the independent variable, ω, in (3) is now transformed as shown:
where plus is used in (4) if the response is supposed to be shifted to the left and minus is used otherwise. Two responses are then chained to form the dual-passband response in Fig. 4 . By using (3) and (4), the transfer function, H N 1 +N 2 (ω) , of a chained-response dual-passband (CRDP) filter can be derived as shown: (5) where N 1 + N 2 is the order of the CRDP filter, N 1 is the order for the first response contributing to the first passband, while N 2 is the order of the second response contributing to the second passband, A 1 , B 1 and A 2, B 2 are the scaling factors and shifting values for the first and the second passband respectively. Equal A 1 and A 2 values would produce a dual passband of equal bandwidth, while A 1 and A 2 of different values would produce a dual passband of asymmetrical bandwidth.
From (5) , the transfer function for a multiband filter, H N (ω) can be determined as shown:
where i is the only odd number, C is the desired number of passbands that can be realized through the chained-response method without overlapping passbands, and the order of the multiband filter, N , is the sum of all of the orders that are being chained.
As shown in (6) , it consists of T N i and T N i+1 . If C = 2, (6) would be equal to (5) , which is an equation for a dualpassband filter. T N i would represent T N 1 whereas T N i+1 would represent T N 2 . Because of this, the i used in (6) can only be an odd number, causing the product iteration in (6) to proceed only until i = C − 1 instead of C, if C is an even number. On the contrary, if C is an odd number, there will be no need for the multiplication with T N i+1 for the last value of i, when i = C. This is in order to ensure that the number of passbands produced is equal to the number of the desired passbands, C instead of C + 1. Fig. 5 depicts that for a filter response of more than two bands, the value of B for the inner bands needs to be less than 9, which is the value calculated with (2), despite having the same value of A. This is so that there will be no overlapping of passbands and the property of a Chebyshev polynomial is still obeyed.
Therefore, for a tri-or quad-passband filter, (2) is only applicable for the first two chained elements, which contribute to the two outer passbands. The B for the third and the fourth chained elements, which contribute to the two inner bands as depicted in Fig. 5 , is as shown:
where B in , A in indicate the value of B and A respectively for the inner band while A out indicates the value of A for the outer band, which falls in the same region as the inner band. For example, if the inner band to be calculated falls in the left side of the y-axis, the A out used would be the A of the outer band that falls in the left side of the y-axis as well; otherwise is true. While (2) only gives us the value of B to be used for a dualpassband filter, it is not applicable to the inner bands of a triple-or quad-passband filter as shown in Fig. 5 . In order to obtain B in , which is the B of the inner bands, the value of B in used needs to be smaller than the B calculated from (2) and take the bandwidths of both the outer and inner band into consideration so that there is no overlapping of passbands. This is the reason that it is essential to include A in and A out in (7) when calculating for B in .
The responses obtained in both Fig. 4 and Fig. 5 are normalized with a normalizing factor, NF, which can be calculated as shown:
where H N is the transfer function of the frequency response. As shown in both Fig. 4 and Fig. 5 , the multiband filter designed with the chained-response method does not have an equiripple. Given the polynomial response only oscillates from negative one to one rad/s for Chebyshev polynomial, the maximum bandwidth that can be achieved with the proposed method can be derived as shown:
whereby BW max is maximum bandwidth in rad/s, n is the number of passband, g is isolation gap between passbands in rad/s. Note that as when the value of g is zero, the isolation between passbands can only be provided with the insertion of transmission zero, TZ since there will be no longer a separation between passbands. Similarly, the maximum separation between passbands that can be achieved is derived as shown:
whereby g max is maximum separation between passbands, in rad/s n is number of passbands, and A i is scaling factor used respectively for each passband denoted by i.
In short, the design theory shows that the chained-response method can be used to design a multiband filter that has the flexibility of setting the bandwidth as well as the innerband frequency selection for each passband individually by prescribing the values of A and B respectively.
III. FILTER SYNTHESIS
A six-pole symmetric dual-passband filter and a six-pole asymmetric dual-passband filter are synthesized based on the chained-response method as discussed in Section II.
As the proposed chained-response method is aimed to cater for the use of the coming 5G network, a symmetric dualpassband filter with an operating frequency, f 0 , of 27 GHz and an asymmetric dual-passband filter with f 0 of 28 GHz are designed. Waveguide technology is used for both designs; given its high Q-factor, this minimizes the filter loss.
A. SYMMETRIC DUAL-PASSBAND FILTER
The bandwidth of both passbands in Fig. 6 is set symmetrically at 0.2 rad/s. Knowing the bandwidth, the transfer function of the response in Fig. 6 can be determined by using (1) and (2) . Therefore, the transfer function is in the form of (5) with A = 10 and B = 9 for both passbands.
The return loss for the symmetric dual-passband filter (SDPF) is set at 16 dB. The ripple factor, ∈, used can be obtained by using the following equation:
where S 11 is the return loss in dB, K (ω) is the transfer function used with x equal to the value where the peak of the S 11 occurs. The value of x can be calculated by:
From Fig. 6 , it can be observed that the ripple level for the SDPF that is obtained through the chained-response method is not equiripple. As there is also a lack of isolation between the two passbands for the response in Fig. 6 , a transmission zero, TZ, needs to be inserted at ω = 0 rad/s so that the dualpassband response remains symmetrical. Fig. 7 shows the comparison of the response in Fig. 6 with the response after a TZ is prescribed at ω = 0 rad/s. As shown in Fig. 7 , inserting TZ at ω = 0 rad/s causes the insertion response to become negative infinity at ω = 0 rad/s. Due to the steeper roll-off in between the two passbands, the ripple level of both passbands that are facing the TZ insertion increases by approximately 1 dB, whereas the ones facing outward remain the same. As a result, the inner-band selectivity is improved. In addition, there is also a better isolation between the two passbands due to the insertion of TZ.
After inserting a TZ at ω = 0 rad/s, the characteristic function, K (ω), for the SDPF still remains in the form of (5), but with ω as the denominator as shown:
A new ∈ used has to be calculated with the insertion of TZ since the ripple level of each passband is slightly affected VOLUME 7, 2019 as mentioned. By using (13) and (11), the new ∈ to be used can be determined.
With the characteristic function obtained, the transfer and reflection polynomials, E(s), F(s) and P(s) can be obtained. After obtaining polynomials, the admittance matrix, Y N is obtained following the steps provided in [20] . As shown in [20] , residues, r 21 and r 22 , and eigenvalues, λ can then be obtained to derive the intended coupling matrix. The coupling matrix is then rotated by applying the coupling reduction method in [21] to obtain reduced coupling matrix, M as follows:
where Qe is the external quality factor. From (14), it can be observed that it is a symmetrical design, since M12 = M56 and M23 = M35.
The frequency response in Fig. 7 is then transformed to the operating frequency of 27 GHz by using the method described in [22] . The independent variable, ω used in (13) is substituted as shown here:
where α is the attenuation constant, λ g is the guide wavelength, and λ g0 is the guide wavelength when the guide is half-wavelength long. From [22] , (16) to (18) show the equations used to calculate the unknown parameters needed for (15) , which are λ g , λ g0 and α respectively.
whereby λ g1 and λ g2 are the two guide-wavelengths at the band-edge frequencies, which can be calculated with (16) , f is the frequency in Hz, f c is the selected cutoff frequency at 17.357GHz and c is the speed of light at 3 × 10 8 m/s. The frequency response in Fig. 8 is obtained after the transformation. Due to the narrow band appro x imation error in (15) obtained in [22] , it can be seen that the inserted TZ is not exactly at the centre of both passbands. Nevertheless, as mentioned, by controlling the value of the scaling factor, A, the bandwidths of both passbands can actually be determined as shown: where BW T is the total bandwidth of the filter in Hz, while BW is the bandwidth of each passband for the low-pass filter prototype in radians. The BW T of the designed filter is 2 GHz. From (14) , the topology of the filter can be determined. The length of the resonators are then estimated by using the well-known equations in [10] as shown:
whereby θ j is electrical length in radian, n is the number of half-wavelengths, B ij and B jk are the end-wall susceptance. (20) is used to estimate the length of the resonator that is endwall coupled while the equation used to estimate resonators with side-wall coupling is as shown:
whereby the total electrical length of the resonator in radian is equal to θ 1j + θ 2j , B jl is the sidewall coupling and B jj is the tuning offset factor. The rectangular waveguide filter with topology as shown in Fig. 9 is then simulated on the High Frequency Simulation Software (HFSS) by using the step-by-step progression method described in [23] , [24] . As explained in [23] , [24] , with the progression method starting from the first resonator and its two adjacent irises until the end, time taken for global optimization is greatly reduced. Table 1 and Table 2 show the dimensions used for each step in the method as described in [23] , [24] . This method is essential to reduce the duration of simulation. By breaking down the six-pole filter into six steps, the complexity of the simulation can be greatly reduced, thus saving its duration. A comparison between the simulated results and the theoretical frequency response as shown in Fig. 8 is depicted in Fig. 10 . Fig. 9 shows the topology of the rectangular waveguide. All the six resonators are coupled with inductive irises since the susceptance B, calculated from each coupling matrix in (14) , is positive [10] . The single cross-coupling between the third resonator and the fourth resonator is due to the single TZ inserted in the design as shown in Fig. 7 . As shown in Fig. 10 , the design in Fig. 9 is able to produce an identical response to the theoretical response generated from (14) . The topology in Fig. 9 is proven to be functioning. The measured results will be discussed in Section IV.
B. ASYMMETRIC DUAL-PASSBAND FILTER
An asymmetric dual-passband filter with a prescribed return loss of 22 dB and bandwidths of 0.4 GHz and 0.2 GHz is designed to show the benefit of the chained-response method, which is the flexibility of the inner-band frequency selection while having the desired bandwidth for each passband.
From (16) , the bandwidth of each passband in Fig. 11 is determined to be 0.4 rad/s and 0.2 rad/s based on the prescribed bandwidths. The response in Fig. 11 has an identical transfer function in the form of (13), with A 1 = 5 and B 1 = 4 for the left passband while A 2 = 10 and B 2 = 9 for the right passband, as calculated from (1) and (2) .
As depicted in Fig. 11 , the peak ripple level for each passband is not identical and is no longer at 16 dB, even though the same ripple factor, ∈, is being used as the response in Fig. 7 . The peak ripple level for the left passband is −16.2 dB whereas it is −35.5 dB for the right passband.
As shown in Fig. 12 , the ripple level of the left passband decreases while the ripple level of the right passband increases as the TZ is adjusted from ω = 0 rad/s to ω = 0.7 rad/s. From this relationship, the position of TZ, VOLUME 7, 2019 FIGURE 13. Peak ripple levels of both passbands with a single TZ. This is plotted from the data obtained in Table 3 . which gives the same minimum return loss for both passbands, can be determined.
In addition, it can also be observed from Fig. 12 that, despite arbitrarily changing the position of the TZ, the desired bandwidth for each passband remains the same. This shows flexibility of the inner-band frequency selection for the multiband filter designed with chained-response method. Table 3 shows how the position of a single TZ affects the ripple levels of both passbands. From the relationship in Table 3 , the graph in Fig. 13 is plotted.
From Fig. 13 , it can be observed that the peak ripple level of the left passband decreases while that of the right passband increases when the position of TZ is adjusted from 0 rad/s to 0.75 rad/s. By interpolating the data points with the polynomial equation, the equations for both trendlines can be determined and are labelled as shown in Fig. 13 . These equations show the relationship between the position of TZ and the peak ripple level of the left passband and the relationship between the position of TZ and the peak ripple level of the FIGURE 15. Peak ripple levels of both passbands with two TZs. This is plotted from the data obtained in Table 4 . right passband as shown in (22) and (23) respectively. where y l1 is the peak ripple level for the left passband, y r1 is the peak ripple level for the right passband, and ω is the location of TZ inserted in rad/s. With equations (22) and (23), the worst return loss of both passbands for each location of TZ can be determined. With the chained-response method, the inner-band frequency selection is flexible and can be shifted at ease by adjusting the value for ω, provided that the return loss level meets the desired specification. Nevertheless, in order to obtain an equal peak ripple level for both passbands, the value of ω is found to be at 0.6965 rad/s, which can be obtained by applying the simultaneous equation for both (22) and (23) . The frequency response with TZ at the determined location is as shown in Fig. 14. Although the frequency response in Fig. 14 now has an equal peak ripple level of −21.18 dB for both passbands as shown, the inner roll-off for the left passband is too gradual, causing a low selectivity for the left passband. The application of this filter is limited. The reason for this is because the position of the TZ is placed too close to the inner-edge frequency of the right passband, which is 0.8 rad/s. As a result, the inner selectivity for the right passband is too high, causing a very low selectivity for the left passband. In order to improve the inner-selectivity for the left passband, one more TZ is proposed to be inserted so that the inner band rejection of the left passband can become higher and an equal peak rejection level can be achieved without having the TZ placed too close to the inner-edge frequency of the right passband. Table 4 below shows the peak ripple levels of both passbands with two TZs at different frequencies. Table 4 shows the effect of shifting the position of the two TZs on the peak ripple level of both passbands. As proposed, one more TZ is now inserted and the separation of the two TZs is chosen to be 0.04 rad/s. Similarly, a graph is plotted as shown in Fig. 15 to find the relationship between the position of the two inserted TZs and the peak ripple levels of both passbands. By using polynomial interpolation, two equations have also been determined and labelled as shown in Fig. 15 . Since there are two TZs being inserted, only the midpoint of the positions for TZ 1 and TZ 2 is plotted in Fig. 15 .
Similarly, with the relationship between the position of the two TZs and peak ripple levels of both passbands known, the return loss of both passbands for each position of the two TZs can be determined. The inner-band frequency selection is indeed flexible while being able to maintain the asymmetrical bandwidths for both passbands. The equations that represent the relationship between the positions of the two TZs and the peak ripple level of the left and right passbands are shown respectively in (24) and (25) .
where y l2 is the peak ripple level for the left passband, y r2 is the peak ripple level for the right passband, and ω is the location for the midpoint of TZ 1 and TZ 2 inserted in radians.
The ω-value whereby both passbands will have equal peak ripple levels is determined through simultaneous equations for both (24) and (25) . TZ 1 and TZ 2 determined are at 0.4157 rad/s and 0.4557 rad/s respectively and the corresponding frequency response is shown in Fig. 16 .
As predicted, by adding another TZ, the frequency for the TZ is now reduced from 0.6965 rad/s to 0.4357 rad/s, which is the midpoint of the position for TZ 1 and TZ 2 . As a result, the inner band roll-off for the left passband in Fig. 16 improves as compared to the frequency response in Fig. 14. The frequency response in Fig. 16 is thus chosen over the frequency response in Fig. 14 to be synthesized in this research.
From (13), the filtering function, K (ω), for the asymmetric dual-passband filter that has the frequency response as depicted in Fig. 16 can now be determined as shown here:
whereby A 1 and B 1 are the scaling and shifting values respectively for the first passband, A 2 and B 2 are the values for the second passband, while TZ 1 and TZ 2 are the positions of the first and second transmission zeros respectively in radian.
With the filtering function determined in (26) , by applying the similar methodology as explained for the dual-passband symmetric filter, coupling matrix, M , of the asymmetric filter is obtained as shown (27) , as shown at the bottom of the next page, where Qe is the external quality factor. From (27) , the topology obtained is as shown in Fig. 17 . Fig. 17 shows that there are two diagonal cross-couplings, which are couplings 4,6 and 3,5 in the design. These two cross couplings are not on the main line of the filter like the other direct couplings i, i + 1. As depicted in the route diagram in Fig. 17, resonators 3, 4 , 5 and 6 are already having two direct couplings. Having another diagonal cross coupling (couplings 4,6 and 3,5) would not be feasible for physical realization.
In order to reduce the complexity of realizing the filter, the diagonal cross-couplings can be removed by rotating it into the extended-box configuration [25] as shown in Fig. 18 .
As depicted in Fig. 18 , the two diagonals at couplings 3,5 and 4,6 are removed. There are now two box configurations instead of the topology in Fig. 17 . The rotations that need to be done to (27) in order to get the topology in Fig. 18 are shown in Table 5 . As discussed in [25] , there appears to be no regular pattern for determining the rotations sequence to synthesize the coupling matrix for the extended box sections from the folded network or any other canonical network. In order to determine the rotation sequence, this can be done by reverse engineering. Starting from the desired extendedbox configuration in Fig. 18 , the rotations sequence to reduce it to the corresponding folded network coupling matrix can be determined. From there, this sequence of rotations can then be reversed in order to obtain the rotations needed to transform the folded coupling matrix shown in (27) into the box-section matrix in (28) .
However, reversing the sequence means that some of the rotation angles will be unknown. The easy way to solve this is by setting up a solver procedure. As shown in Table 5 , the angles for the second and the third rotation are determined by the rotation formulas in [10] , while the angle of the first rotation is left as unknown angle q r1 . Initially, the procedure starts by with q r1 set to be any angle. As the rotation procedure is completed, some unwanted coupling matrix elements will have non-zero values. The value of q r1 is then adjusted until the cost of the error function is zero, whereby all the unwanted elements are zero. In Table 5 , the value of q r1 is found to be 71.99 • . The coupling matrix, M , of the asymmetric dual-passband filter after being rotated into the extended-box topology is obtained as shown in (28) , as shown at the bottom of this page, where Q e remains the same as in (27) at 35.1. This shows that both matrices do still represent the same filter design, with only the configuration being changed.
Similarly, by substituting (15) into the K (ω) in (26) , the frequency response in Fig. 16 can be transformed to the operating frequency of 28 GHz as shown in Fig. 19 . The bandwidths of both passbands in Fig. 19 can be determined by using the same equation, (16) , that is used for the symmetric dualpassband filter. From Fig. 19 , it can be clearly observed that the bandwidths of both passbands are different, as determined by the different values of A used for each passband.
The topology in Fig. 20 is designed and synthesized according to the route diagram in Fig. 18 . Based on [10] , the coupling matrices that lead to negative susceptance, B, have the capacitive irises while the positive ones remain as inductive irises as shown in Fig. 20 .
Similar to the procedure for the symmetric dual-passband filter, the dimensions of the design in Fig. 20 are estimated before obtained through step-by-step simulation [23] , [24] in HFSS software. Table 6 and Table 7 show the dimensions used for each step in the simulation.
The frequency response simulated by applying the dimensions in Step 6 is shown in Fig. 21 . From the comparison with the theoretical response, it can be seen that the bandwidths of the passbands agree with each other, with a slight lack of selectivity for both the inner and outer bands. This shows that the topology in Fig. 20 is functioning as intended, despite the removal of the diagonal cross-couplings. Both the symmetric and asymmetric dual-passband filters discussed are fabricated to verify their simulated results as well as to confirm that the filters work according to the designed specifications. The results are shown in Section IV.
IV. MEASUREMENTS AND DISCUSSION
Both symmetric and asymmetric dual-passband filters are manufactured with aluminium using Computer Numerical Control (CNC) milling. The S-parameters measurement for both filters is carried out on an Agilent E8363C PNA network analyzer, while the short, load, open and through calibration are done with the 85056d calibration kit. Measurements for both filters are done through the SAGE Millimeter, Inc. SWC-342F-R1 launcher.
A. SYMMETRIC DUAL-PASSBAND FILTER Fig. 22 shows a photograph of the manufactured symmetric dual-passband filter. As depicted in Fig. 23 , the measured results (after tuning) show good agreement with the simulated results, thus validating the design approach for the proposed chained-response method. From measurements, the insertion loss for the left passband is 1.4 dB while the insertion loss for the right passband is 1.0 dB. The left passband has a maximum return loss of 19.8 dB, whereas the right passband has a maximum return loss of 18 dB. This is close to the theoretical return loss of 16 dB. Fig. 24 shows a photograph of the manufactured asymmetric dual-passband filter, and the measurement results (after tuning) are shown in Fig. 25 . For the asymmetric filter prototype, the measured insertion loss of the left passband is 0.9 dB, whereas that of the right passband is 1 dB. The measured maximum return loss of the left passband is 14 dB, whereas that of the right passband is 15.53 dB. From Fig. 25 , it can be seen that the measurement results have been shifted downwards by 200 MHz, which is by 0.7%.
B. ASYMMETRIC DUAL-PASSBAND FILTER
A re-simulation has been done as shown in Fig. 26 to find the cause of the frequency down-shifting for the fabricated filter. The re-simulated dimensions of the irises and resonators are tabulated and compared with the dimensions of the simulated asymmetric filter in Table 8 and Table 9 respectively. Fig. 26 shows good agreement between the re-simulated and the measurement results.
From Table 8 and Table 9 , it is found that the dimensions of both the irises and resonators have an average increment of 2.16%. This results in longer cavity lengths, decreasing the frequencies of the return loss zeros, and thus causing the occurrence of frequency down-shifting. The increment of cavity lengths may be attributed to fabrication inaccuracies and the wear-off of plating done on the manufactured filter. Despite the down-shifting of the frequency, the measured result from the manufactured asymmetric filter demonstrates a comparable fit with the theoretical response, with low insertion loss, good return loss, and rather good passband bandwidths of 400 MHz and 250 MHz (the theoretical bandwidths are 400 MHz and 200 MHz).
The insertion losses measured for both manufactured filters are mainly attributed to the finite conductivity of aluminium, as well as the insertion of aluminium tuning screws on top of each resonator and iris. Tuning screws are needed for both designs to compensate any fabrication inaccuracies as well as inner-rounded corners due to CNC milling.
V. SYMMETRIC TRIPLE-PASSBAND FILTER
The response in Fig. 27 shows that, while the return loss of the middle passband is equiripple, this is not true for both the left and the right sidebands. In addition, it can also be observed from Fig. 27 that the return loss of both sidebands would be worse than that of the passband at the centre. Note that the polynomial response as shown in Fig. 27 is without the insertion of TZ. After inserting TZs, the S21 and S11 can be calculated and plotted as shown in Fig. 28 .
There are two transmission zeros, TZ, inserted in the filter in Fig. 28 . As explained in Section III, the insertion of TZ is essential to improve the isolation between passbands for FIGURE 27. Triple-passband polynomial response of a third-order chained Chebyshev filter that has been normalized by NF calculated from (8) . This is obtained by applying the theory as explained in Section II. a chained-response filter. Since it is a symmetric triple passband filter, the two TZs need to be inserted at an identical location but symmetrical to the y-axis, which in this case is demonstrated with the value of ω = −0.5 rad/s and ω = 0.5 rad/s respectively. Note that the location where TZ is inserted has to lie at the stopband to avoid passband clipping. The filtering function, K (ω), for the filter can be derived from (6) and (26) as shown here:
Since the number of the order used for each passband in Fig. 28 is the same at three, N 1 , N 2 , and N 3 are equal to three. The scaling factor, A used for three passbands remain the same at three, giving A 1 , A 2 , A 3 = 3. (2) still holds true for the two outer-passbands, giving the shifting value, B 1 and B 3 = 9, while for the passband at the centre, B 2 is equal to zero. The reason is that, for the centre passband, there is no frequency shifting needed. The return losses of both left and right passbands are set to be 16 dB while the return loss of the centre passband is 28 dB. From Fig. 28 , it can be observed that the centre passband, which has a different shifting value, would have a lower ripple level than that of the two side passbands as predicted from its characteristic polynomial. Knowing this, the return loss of the side passbands is to be determined with the value of the ripple factor, ∈, used as calculated using (11) .
VI. SYMMETRIC QUAD-PASSBAND FILTER
The frequency response of a symmetric quad-passband filter is as shown in Fig. 29 . It is obtained from the characteristic polynomial as shown in Fig. 5 . As the designed filter has four passbands and three inner-stopbands, three TZs are assigned at ω = 0.7 rad/s, ω = −0.7 rad/s and ω = 0 rad/s in order to isolate the four passbands. Note that the TZ can be inserted at any frequency as long as it is at the stopband. Similar to Section V, the filtering function, K (ω), can be derived from (6) and (26) as shown here in (30), as shown at the bottom of this page.
The numerator of (30) is the characteristic polynomial as shown in Fig. 5 . In Fig. 29 , the return losses of both sidebands are 16dB while the return losses of both middle passbands are 28dB.
Generally, the chained-response method has been proven to be able to design a filter with more than two passbands, as shown in Fig. 28. And Fig. 29 . The bandwidths of each passband as well as the location of TZs can be adjusted as required by the desired application to improve the flexibility of the design, while the minimum return loss level of the filter can be determined with (11) . Table 10 lists several works proposed for the synthesis of multiband filters. In method [26] , although the bandwidths of each passband can be separately designed accurately since each passband is directly designed in bandpass form, it requires a high number of TZs. This will increase the complexity of the filter design.
VII. COMPARISON WITH PREVIOUS WORK
In method [6] , two LPP is used instead of one to be transformed into a dual-passband filter. In [26] although each passband can be separately designed to have specified bandwidth, order and return loss, the design method in [6] is more complicated compared to the linear transformation for each passband proposed in this work. Similar to method in [26] , only dual-band filter is discussed in this paper.
In method [27] , since it is transforming from a single LPP, it does not have the flexibility of having different filter orders for each passband.
Similar to method in [27] , it is not possible for each passband discussed in [28] to have different filter order. In addition, the bandwidth of each passband cannot be specified directly in [28] since method used in [28] designs multiband filter based on insertion of TZ. The restricted position of TZ also restricts its inner-band frequency selection. Similar to methods in [6] , [26] , [27] only dual-passband filters are discussed in [28] .
Method in [16] discusses algorithm to obtain equi-ripple in each passbands. However, not all passbands have the same return loss and different filter order for each passband is not possible. The method is applicable to more than three passbands as even a quad-band filter is shown in the paper.
Method in [17] and [29] both discusses iteration algorithms to obtain an optimal multiband filter, with a triple-passband filter is being portrayed in [29] , while only a dual-passband filter is discussed in method [17] . In short, methods discussed in [16] , [17] , [29] are taking the algorithm approach in optimising multiband filters.
For comparison with above papers, the chained-response method proposed in this paper is applying a linear transformation to obtain the polynomial response of multiple LPPs before chaining them to form a multiband filter. This method is flexible and simple. With linear transformation, the bandwidth of each passband can be specified easily while the passbands can be placed according to the desired frequency, therefore, giving it a flexible frequency selection, before chaining them together to form a multiband filter. In addition, since the multiband discussed in this filter is formed by chaining responses, theoretically, it is possible to have a multiband filter with passbands of different filter characteristic polynomials (eg: Chebyshev with Eliptic) instead of just two or more passbands of Chebyshev type.
Other than the inner-band frequency selection and bandwidth flexibility, the filter order for each passbands can also be different, which is similar to the methods discussed in [26] and [6] . In this paper, the frequency responses of a triple passband filter and a quad-passband filter are also shown, further proving that the proposed method is applicable to synthesize multiband filters of more than two passbands. The proposed method is also proven to function at high frequency range given the fabricated prototypes discussed in Section IV as compared to the other methods discussed in Table 10 . Table 11 shows a summary of the significance of the chained-response method proposed in this paper in comparison to previous work. As compared to the others, the multiband filter synthesised with chained-response method can have different filter orders, different bandwidths, flexible inner-band frequency selection, and different filter characteristic polynomials, and is proven to operate at high frequency. In addition, multiband filter with passbands of more than three is also possible as depicted in Fig. 29 .
Nevertheless, the number of passbands that can be realised with this method is limited by the size of the bandwidth. As mentioned in (7) , the proposed method does not work with contiguous passbands. In addition, the proposed method is simple and flexible with linear transformation but at a cost of not having equiripple at each passband. Despite having inequiripple passband, the minimum return loss can be computed and predefined easily with (11) .
For future work, the methods in [16] , [17] , [29] can be referred in order to come out with a solution in optimizing the proposed method (having equiripple at each passband). Given the flexibility and simplicity of the method, the proposed method is valuable and has its potential. It is possible to be further expanded to the synthesis of multi-bandstop filters by chaining of two or more bandstop filters. With its ability of having different filter characteristic polynomials chained together, another variable comes into place, instead of just using TZ or filter order, when controlling the selectivity of each passband.
VIII. CONCLUSION
This paper has presented a synthesis method for a multiband filter by chaining the frequency response of a Chebyshev filter. This method has been described and applied on the low-pass filter prototype to obtain a frequency response of a six-pole symmetrical dual-passband filter. The symmetrical filter is then given a prescribed bandwidth of 0.2 GHz for each passband and a return loss of 16 dB. In addition, a sixpole asymmetrical dual-passband filter is then also designed with the proposed method in order to show the flexibility of the method. The asymmetrical dual-passband filter is given prescribed bandwidths of 0.2 GHz and 0.4 GHz, and a return loss of 22 dB.
Both filters are then fabricated and measured in order to validate the presented synthesis method. Both filters are designed to operate at high frequencies of 27 GHz and 28 GHz by using the waveguide technology. Measured results from both show good agreement with the theoretical responses. Lastly, in order to show the potential of the method to be used for designing filters with more than two passbands, a symmetrical triple passband filter is designed.
The chained-response method is found to be flexible enough not only to design multiband filters of significantly different bandwidths, but also to provide inner-band frequency selection between each passband. This method has the potential and worth to be explored further as discussed in Sec-tionVII. With the flexibility it provides and its proven capability to operate at high frequency, this method is expected to be valuable in playing a role in the imminent Industry 4.0 revolution, which focuses increasingly on high-speed interconnectivity between devices.
